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ABSTRACT 


* 

The design of a probe system capable of measuring enthalpy, impact 
pressure and local mass flux within the hypersonic flow field produced by 
the NASA/MSC Atmospheric Reentry Materials and Structures Evaluation 
Facility (ARMSEF) is described. The design of the enthalpy probe, the mass 
flow measuring system, and flow meter calibration system are included in 
this report. Data obtained in evaluation of the probe system in the AVCO 
ROVERS and the NASA ARMSEF facilities are also discussed. 
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I o INTRODUCTION 


Probes of various types have been employed to determine gas enthalpy and 
mass flux in subsonic flow fields(l). The most successful of these thermo- 
dynamic probes for subsonic flow field diagnostic studies are the tare probes(l,2,3) . 
Topical examples of the experimental data obtained with the tare probe are reported 
in References 3 and k. The concept of a tare probe requires that the assumption 
be made that the total heating to the external probe surface is identical during 
the tare and gas sampling modes of operation. It is obvious that the error in 
the enthalpy determined with such a device due to this necessary assumption is 
simply the ratio of the difference in external heat transfer for the two modes of 
operation to the heat removed from the gas sample during the sampling mode. 

Although the errors associated with the necessity of obtaining a tare measurement 
may be small in a subsonic flow field, there is little or no information concern- 
ing the magnitude of these errors in supersonic flows . 

The ideal enthalpy probe for use in supersonic flow fields is one which will 
completely eliminate the necessity of a tare measurement. Such an instrument in 
general would consists of two basic portions: an inner calorimetric probe, and 

an outer water-cooled probe to protect it from the external environment. When 
the calorimetric section is properly insulated from the outer water-cooled probe, 
the enthalpy of a gas sample drawn through an aspirating tube located on the probe 
axis may be determined from an energy balance on the calorimetric section cooling 
water and the gas sample: 

h — AT / -V Cp^ 'o') (i) 

where ^T is the coolant temperature rise, Tg is the temperature of gas sample 
as it leaves the calorimetric section and T 0 is any convenient base temperature 
for the enthalpy computation. 

In addition to its ability to accurately determine enthalpy, the ideal 
probe should be capable of measuring the local mass flux ( pu, ). Hence, the 
tip of the probe must be such that at supersonic and hypersonic velocities the 
shock at the leading edge of the sampling tube is essentially an attached shock. 
With this shock structure, a stream tube having a cross-sectional area equal to 
that of the sampling tube would enter the probe prior to passing through a system 
of oblique shocks downstream of the leading edge of the calorimetric probe. The 
probe can easily be made into an impact pressure measuring device simply by 
placing a pressure transducer and valve in the sampling line. 

With an instrument which accurately measured gas enthalpy, mass flux, and 
impact pressure at hypersonic speeds the local values of density and velocity 
as well as enthalpy may also be determined without any assumption as to the 
degree of chemical equilibrium within the stream. For example, for Mach numbers 
in excess of 5.0, the ratio of impact pressure to free stream momentum 
( irW / Ut> ) has an asymptotic value in the range of 0 . 92 - 0.95 for specific 
heat ratios between 1.2 and 1 . i+( 5 ) . Successful operation of the instrument as 
a mass flux probe therefore implies: 
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0.95 U, 


( 2 ) 


and 


ft* / /Q*Ueo = 0.95 U*, 

f?oo ~ (p»Uoo')/ -f?,. 


( 3 ) 


The knowledge of local density, enthalpy, and velocity provides an accurate des- 
cription of the environment produced by a plasma generator. In addition, these 
data when employed with a chemical equilibrium program would result in additional 
information concerning the nature of the expansion process within the exit nozzle 
of the plasma generator. 


The design of an enthalpy-mass flux-impact pressure probe system for use in 
the hypersonic exhaust jet was accomplished keeping the general requirements of 
an ideal probe in mind. The design of the instrument required detailed evalua- 
tion of the local heat transfer rates, the establishment of proper coolant flow rates 
for various facility operating conditions, stress analysis to insure the survival 
of the instrument. Each of these facets of the probe design are described in the 
remaining sections of this report. 


II. 


DESCRIPTION 


The prohe system designed to measure impact pressure, mass flux, and enthalpy 
in the supersonic exhaust jet produced by the NASA/MSC ARMSEF facility consists 
of three basic subsystems: the probe system, the mass flow measuring system, and 
the mass flow calibrating system. Each probe sub-system is described below. 

A. Probe Description 


The enthalpy-mass flux-impact pressure probe designed for use in the ARMSEF 
facility is composed of an inner calorimetric probe, an outer probe, and a probe 
strut. 

The inner calorimetric probe basically consists of a gas sampling tube 
(0.250 inch diameter) which is provided with two concentric annular cooling 
passages. Cooling water enters the calorimetric probe through the outer annular 
passage, makes a 180 degree turn at the probe tip and flows toward the rear of the 
probe through the inner annular channel which is adjacent to the gas aspirating 
tube located on the probe axis. In its path from the probe tip, the coolant flow 
absorbs energy from any gas being aspirated through the probe. Since an accurate 
measurement of gas enthalpy with energy balance techniques requires that there be 
little or no heat transfer between the inner and outer probe, over 95 percent of 
the interface between these two portions of the probe were provided with insulation 
in the form of either low conductivity material or dead air space. To minimize 
heat transfer in the remaining portion of the interface, coolant flow passages were 
routed so as to minimize the temperature difference between the two streams. 

The external probe is similar to the inner calorimetric probe in that it con- 
sists of a 1.00 inch diameter body containing two concentric annular cooling 
passages. In contrast, to the inner calorimetric probe, the outer probe coolant 
flows through the inner annular passage to the probe tip and returns through the 
outer annulus. The internal configuration of this portion of the system is 
designed to accomodate the inner calorimetric probe. The total length of the 
internal and external probe bodies are such that the leading edges of the two 
probes lie in the same plane. When assembled, the inner and outer probe are 
designed to' fit into a socket located on the top of the probe strut. 

The water cooled strut has a total length of 36 inches making it possible 
for the probe to traverse a 30 inch diameter exhaust stream. The forward and 
trailing edges of the strut are semi-circular cylinders both of which have a diameter 
of 0.750 inch. The maximum width of the strut is also 0.750 inch and the length of 
the strut parallel to the gas stream is 3*250 inches. The cooling requirements of 
the strut are satisfied by cooling water flowing through 0.06 2 inch wide channels 
immediately behind the external copper shell. The interior of the strut has pro- 
visions for allowing passage of cooling water to both the external, and internal 
probes as well as a tube for aspirating gas through the probe. In addition, all 
thermocouples required for measurement of probe coolant temperature rise and the 
temperature of the aspirated gas sample are located within the strut. 
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B. Gas Sampling System Description 


The gas sampling system consists of a vacuum pump required for aspirating gas 
through the probe and a flow meter to measure the gas sample flow rate. The 
vacuum pump is a commercially available item while the gas flow meters are Venturi 
flow meters. In addition to these basic items the sampling system includes the 
necessary piping, valves and instrumentation required for successful operation of 
the entire system as a mass flux measuring device. 

C. Gas Mass Flow Calibrating System 

The flow meter calibrating system provides a means of introducing accurately 
known flow rates through the Venturi flow meters and hence a means of calibrating 
the meters. Gas of any desired composition may be introduced from a series of 
tanks of specified volume, through sonic orifices into the gas sample lines. 


III. PROBE DESIGN 


EXTERNAL PROBE FLOW FIELD 
A. Conical Pro~be Tip 

In hypersonic flow, the inviscid velocity* density and pressure distributions 
about an open nosed* conical body of revolution may b'e obtained from the predic- 
tions of Chernyiv^/ for the body shown in Figure 1. The results of Chernyi's analy- 
sis are 

a r u m oo f 3 0+jHju, ^ 





(5) 



P* = P» 



A 

(s-n 


p m 'Hs \ r ^ __ p«> r\\ 

£+ * p<> JJ 


( 9 ) 
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and the stream function (>V ) defined as 



The pressure distribution on the surface of the body is given by: 




These property distributions were applied in conjunction with the local 
similarity relationships to determine the heating distribution over the conical 
surface. From local similarity: 



with the stagnation point velocity gradient given by 



Since the velocity close to the surface, as predicted by equation 4, is not a 
function of distance along the surface, and if it is assumed that the surface 
temperature is not a function of position, then the heating distribution is 
simply: 



Numerical integration of the pressure distribution for conical tips having 
half -angles of 30 and 40 degrees demonstrated (Figure 2) that over the Mach 
number range of 3.0 to 5.6 that 
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Therefore 


i»= “* ( W 5 -'fe %y (T^)» 


which upon substituting the relationships 
as shown in Figure 3 results in 


(16) 


(17) 


C> = v.ofe QcJfc^ I 8» u.\* K(M«o) X 
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If a function defined as 


£(*0 = ( Bs - Hj 

(pm « 


e_ 

CO 


(18) 


(19) 


it is found to be a function of probe tip half angle alone. Upon substitution 
of this relationship into equation l8 the final form of the tip heating dis- 
tribution is found to be 


0/7^b X © = 30° 

(20) 

0,190 ( ^ X 0 ' 4 © = 40 

(21) 


where x is the distance along the heated surface. The heating distributions 
predicted by these relationships are illustrated in Figure 4 . A comparison if 
the heating rates calculated by equation 20 and the results of computer 
calculations w) demonstrated that the two methods were in excellent agreement. 


where 


The total heat input to the probe tip is simply 

= zir (x-v-s") swe dx 
<y x) =. c. *~°' 4 


( 22 ) 


(23) 


( 24 ) 
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which results in 


Q= ZTt S C smO 


S..+. 5.^.1 

a 8S 


where the quantity, S^’^C Sin©, has values of 0.82 r D ' and 0.81r o * for tip 
half angles of 40 and 30 degrees, respectively. The resulting relationship 
(Figure £T ) indicates that for a probe tip having an internal diameter of 0.250 
inch and an external diameter of 1.000 inch, the total heat input to the tip 
is simply 


q = o.o3 ^ s Jr m (26: 

It is also of interest to consider the temperature distribution produced by 
the external heating within that portion of the probe tip which is forward of the 
internal cooling passages. The temperature distribution can be estimated from 
an integral energy balance with the assumption that temperature gradients normal 
to the heated surface are small in comparison to variations parallel to the 
exposed surface. With this assumption the energy balance relationship is 

(27: 

where 

= 21V (28: 

i Wl <’ Cijte ]\ (29 

and 

<30 


Therefore 
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The right-hand side of this equation may be expanded in a power series and then 
integrated to yield 


tav\<5 ^ &T 

with 



O.S1S 


(33) 


(3M 


As \ — Ileum iP cat 6. (35) 

' 2, 

The resulting temperature distributions for tip half angles of 30 and 40 degrees 
are illustrated in Figure 6 * It is noticed that at a stagnation point heating 
rate (q g 4 %) of 600 Btu/ft3/ 2 -sec a uncooled tip length of 0.20 inch that the 
leading edge is 1230°F and 700°F higher in temperature than the cooling passage 
walls with tip half angles of 30 and 40 degrees, respectively. 


B. External Probe Body 

In order to determine the heat transfer to the cylindrical main body of the 
probe, the flow along the probe tip was assumed to pass through a Prandtl-Meyer 
expansion having a turning angle equal to the tip half angle. The Mach number at 
the rear of the conical tip (Mi) was determined from the predictions of Chernyi 
as to the local denaity, pressure, and velocity, and the definition of Mach 
number 

M= U, /OsP/pV'* (36) 

Therefore, 



In order to simplify the heating analysis it was assumed that the pressure, 
velocity, and density remained constant along the entire length of the cylindrical 
probe body. The 'heat transfer rate was obtained from the standard laminar flat 
plate relationship^ ) 

- o.fet.4 (£j£_ \ a ' s 

z Pr° A \ Pv »* ) (Re ,) 9 5 

where starred quantities are evaluated at the reference enthalpy 

with being the. recovery factor, and the static enthalpy (he) in the external 
flow field given by 

Ik 



(38) 


(39) 




(■> 0 ) 


l. . L _ -L U. 

R'T 0 ” RTo *2. RT a 

The resu lting heating rates as a function of the stagnation point heat transfer 
(4 are presented in Figure 7 . Since there was little or no difference 

between the results obtained with the two tip configurations both bodies may be 
considered to have the same heating distribution (Figure 8). 


The total heat input to the cylindrical probe body may be obtained by 
integrating the local heating rates over the entire surface 


( *■+»- 


Q = xvrr \ 2 
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- Z1V C„ q 

i cU. 
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) x 1 ' 1 




(41) 


(42) 


with the lower limit of integration being 

vt “ ~ ') 5m© ~ s^e 

for a probe body having inner and outer radii of 0*125 and 0*500 inch, 
respectively. Hence 



(^3) 


(44) 


The total heat input to this portion of the probe system is depicted in Figures . 
At a stagnation point heating rate, (q Rjj ) > 600 Btu/ft3/2_ S ec the total heat 

input to an 8 inch long cylindrical section would be 25 Btu/sec and 28 Btu/sec 
for probes having tip half angles of 30 and 40 degrees, respectively. 

C. Rear Sections of Probe 


The rear sections of the probe consist of a open nosed conical section 
which is used to securely fasten the external probe to the mounting socket on 
the top of the strut, and the external surfaces of the mounting socket. The 
open nosed conical fastener has a 30° half angle, and minimum and maximum 
diameters of 1.00 inch and 1.312 inch, respectively. The external diameter of 
the mounting socket is 1.312 inch and it has an overall length of 3*500 inches. 
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The heat transfer rates on these rear surfaces were determined in a manner 
similar to those discussed above. It is recognized that the presence of the 
boundary layer along the cylindrical portion of the probe results in velocity, 
density and pressure distributions on the conical surface which are considerably 
different from what would be predicted by Chernyi's analysis. This is demonstrated 
by the study of Faye-Fetersenw) on the flow field about the conical skirt of 
re-entry vehicles. Nevertheless, Chernyi's analysis was used to establish the flow 
field over this section. The flow field properties were assumed to remain constant 
over the remainder of the probe. This approach results in heating rates higher 
than what would be expected in practice since it makes no allowances for the 
reduction in heating downstream of the Prandtl-Meyer expansion at the rear of the 
conical portion. The resulting heat transfer rates at the midpoint of the two 
remaining probe sections are illustrated in Figure 10 . 

These heating rates were assumed to be representative of those experienced 
over the entire surface and were used to determine the total heat . input to this 
portion of the probe from the simple equation 

Q = 1 A i c* 5 * 

The total heat input to this portion of the probe is illustrated in Figure II . 

The total heat input to all exposed surfaces of the external probe were used 
to determine the heat load for this portion of the system as illustrated in 
Figure H . 

D. Probe Strut 


The probe strut has a semi-circular leading edge with a radius of 0.375 inch 
and the width of the strut is 0.750 inches. The length of the external surfaces 
parallel to the external flow field is 31 inches and the rear of the strut is 
semi-circular, also. 

The local heat transfer rate on the leading edge of the strut was obtained 
from the analysis of Hankey and Neuman^ ' as shown in Figure . The stagna- 
tion heating rate obtained on the strut was determined from the simple relation- 
ship 

{k6) 

The local heat transfer rate on the parallel sides of the strut was evaluated 
from the standard laminar flat plate heating relationship 


A _ o.(,fe4 ( (oV \ oi p * ugRs m 

T>~ Zp r c *\ pe -Mei ( R<2„ y* 

Flow properties over this portion of the external surface were evaluated 
assuming that the flow passed through a Prandtl-Meyer expansion from the stagnation 
point with a total turning angle of 90 degrees. The local heating rates obtained 
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in this manner are illustrated in Figure 14 . 

The local heat transfer rates on all the exposed strut surfaces were 
integrated to obtain the total heat input to this portion of the system as a 
function of free stream conditions and the width of the flow field. For the 
purposes of this analysis it was assumed that the AEMSEF exhaust stream was 
uniform and that it was possible to expose a length of strut which was equal to 
the nozzle exit diameter. The resulting total heat input to the strut is 
illustrated in Figure 15 . 


INTERNAL FLOW FIELD 
A. Probe Tip 

The proper functioning of the probe system as a mass flux ( LC*» ) device 
is governed primarily on the ability of the sampling system to pass the flow 
without choking due to friction. If the combined length-to-diameter ratio of 
the sampling train were too large, the flow at the rear end of the train would 
be sonic and the mass flow which could be aspirated through the system would be 
limited and would be independent of free stream mass flux. It has been Avco’s 
experience that in probes of this type, the gas flow through the system would 
depend solely on the impact pressure of the stream. It is also required that the 
portion of the sample lines within the internal calorimetric probe be of sufficient 
length to cool the aspirated gas sample to a temperature level which can be measured 
with a thermocouple. 

The primary concern in insuring the survivability of the internal probe in 
a high enthalpy gas stream is centered about the heat transfer rates and tempera- 
ture distributions near the leading edge of the probe. For the purposes of 
determining the heating rates within the sampling tube it was assumed that the 
mass flow through the probe was equal to the free stream mass flux and that the 
flow was free of shocks. The local heating rate may be determined from 


q = \ Ri 


where starred quantities are evaluated at the reference enthalpy defined by 
equation 39 . The local heat transfer rate at a distance of one diameter down the 
tube is presented in Figure l£> for several AIMSEF operating conditions. As a 
first approximation it is seen the 




(«* 9 ) 


As shown in Figure 17 , the leading edge of the internal probe is uncooled for 
a considerable length and as was the case with the external probe it is of interest 
to determine the temperature distribution within this portion of the probe. An 
integral energy balance for the uncooled tip is simply 
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( 50 ) 









where temperature gradients normal to the tube axis have been neglected. If we 
define a heat transfer rate (Q 0 ) as that obtained in a straight tube at a distance 
of one tube diameter back from the probe tip then the local heating rate is simply 


vi-ISMgJ 


or since the mass flow through the tube is constant at any axial station 

..vi- « 

r, = v * 0 - s sm (3 

Therefore after integrating equation 

Si IV. dr = - q 0 r e (PoS)^ 

dta P 




The area of the wall available for heat conduction is 


= ( r*-r ) 

r» - r 0 + x Woe 
r, - r e -xWi p 


which results in 




After substitution of this expression into equation 5^ and rearranging terms 
it is found that 


dn_ = - 7 ^ 4 ° ,, ! ( ! — =-) (6o) 

dix/Vo') -k(c osf£) ('few OL 4-fev\ (3) l(*/ D ,)* jj + (tonQC -tov\ (Sy j 
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which may he integrated directly to give 


1 ( \ (6l) 

^(c©s ( 3 ) /l (ta«<X+tav\( 3 ) \ (X ~ tfim ( 3)* 1 J 

For small values of c( (and £ ) 

w v [^i***®* -to"?)]* = w [^( d ’< 3 ^ 5= |° ( "/ 5 )^ 2 ( 62 ) 

Therefore allowing equation 6l to he simplified considerably to the following 


~T~ -T - 4 4c UW)** 2 

• e W/o“ — ~ r — : 

&(pos{3} * (.'fcav\GL+ 


(63) 


= 4 4° C«Ta.^ w 

k (d +-(3}(.Cos$'* 

If the further restriction is placed that the angle (3 shall not exceed 10 degrees 

t-TxiD = 4q 0 < 65 > 

* i (4V (S') 

At a heat flux of 580 Btu/ft 2 -sec and a total tip half angle 20 degrees, a 
temperature drop of l600°F (Figure (8 ) is obtained when x and D 0 are assigned 
values of 0.126 inch and 0.250 inch, respectively. 

/ 

It is also required to obtain some estimate as to the final temperature 
of the gas stream leaving the sampling tube or conversely what length of 
sampling tube is necessary to decrease the gas temperature to approximately 
2000°F. For the purpose of this estimate it is assumed that the aspirated flow 
passes through a normal shock immediately after entering the sampling tube. 

An energy balance on the gas stream is simply 

* d 4 

(.^-O dc%lt>) " ReP,. <66) 

Where the Nusselt number ^ is given by 
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Mm. = +- _ 

K, Re, 

(DM 


with the constants being 

\ +■ K'j 

7Re»P<~ dM' 

n 

M 

u*, = 3.66 



Region 

K i 

«2 ' 

r> 

Entrance 

0.104 

0.016 

0.8 

Fully Developed 

0.0668 

0.04 

2.3 

The maximum length of tube 

would be obtained in the case where 


Ku. = =3.66 


Since the variation in Rep is a direct result of changes in viscosity with 
temperature, equation 66 may he rewritten as 


\ t—\ - - 4-Muoo 

dCx/l>> (Re,,') Pr 

(11) * 0 

or, smce x ' 

Mo /ml - (*. / ^ 

(X / & ^ <J ~ — 4 n\uoo 

cA(x/d) 


Defining 

7v= (^w/^oV 3 

The energy balance may be written as 

- j? - 4- Kuoo _ Jfy. \ 

i~b (*«.).*• vw 

which can be integrated to give 


(67) 


(68) 

(69) 

(70) 

(71) 

(72) 

(73) 

(74) 
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( 75 ) 



and 

N= 7, /^ -&/«.*)* ' 7 

with subscripts w and f referring to properties evaluated at the wall, and final 
gas temperatures, respectively. Equation 75 may be rewritten as 



The two enthalpy functions indicated in the above expression were evaluated and 
are illustrated in Figures 19 and 20. Equation 77 was employed to evaluate the 
exit gas temperature as a function of free stream enthalpy, tube length and 
initial Reynolds number as shown in Figures 21 and 22. This analysis indicates 
that for all conditions listed in Table I with the gxception of condition 1 the 
exit gas stream has a temperature of less than 1500 R if the sample tube 
(0.250 inch diameter) is 8.0 inches in length. However, the same exit tempera- 
ture for condition 1 can be achieved only if the sampling tube is 56 inches in 
length. 


PROBE COOLING REQUIREMENTS 

The amount of forced convection cooling necessary to protect the external 
surfaces of the probe from the environment was established from an evaluation 
of coolant pressure drop, coolant convective heat transfer coefficients, and the 
total coolant temperature rise. For this analysis the probe system is considered 
to have two coolant supplies one of which is employed in cooling the external 
probe surfaces and the second which is used exclusively in the calorimetric 
probe. Each of these streams is considered separately in the following sections 
of this report. 

A. Pressure Drop 

The coolant pressure drop in each section of the external probe cooling 
passages may be determined from 

+ p(? t -2.) 

3 ^ 


(78) 


TABLE I 

ABMSEF OPERATING CONDITIONS 


Condition No. 

1 

2 

3 

4 

5 

Mass Flow Rate, lb /sec 

1.00 

1.00 

o.o4 

0.04 

0.10 

Plenum Pressure, atm 

7.83 

7.83 

2.64 

2.64 

1.65 

Enthalpy, h/RT Q 

118 

118 

766 

766 

766 

Throat Diameter, in 

1.50 

1.50 

0.75 

0.75 

1.50 

Nozzle Diameter, in 

• 5.0 

25.0 

5-0 

25.O 

5.0 

Impact Pressure, atm 

1.30 

0.072 

0.14 

0.008 

O.29 

Mach No. 

3.2 

5-3 

3.0 

5.6 

3.2 

Heating Rate (q 
Btu/ft^^-sec 

157 

4o 

390 

99 

575 


6 

0.10 

1.65 

766 

1.50 

25.0 

0.016 

5.0 

l40 
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where subscripts 1 and 2 refer to the inlet and outlet to a particular portion of 
the probe system. The quantities F, F c , and F eX p contain the pressure drop experienced 
by the fluid in changing direction (e.g. elbows), and changes in cross sectional 
area of the flow. In particular, the pressure losses, over and above those 
directly attributable to changes in velocity, which are incurred in an expansion 

are (12) 







( 79 ) 


* 


where subscripts 1 and 2 refer to the smaller and larger cross sections, 
respectively. Similarly in a contraction, the additional pressure drop is 
given by(13; 


where 


‘ X 


(80) 


Kc = 0.40 ( 1 . 25 -A-j/Ag) A 1 /A 2 <0.715 (8l) 

^ = 0.75 (l-Aj/Ag) A 1 /A 2 >0.715 (82) 

with subscript 1 referring to the smaller passage. 

In its path through the probe the coolant was assumed to flow through the 
following channels. 

a) a 0.250 inch diameter circular l^ube 31*0 inches in length 

b) a 1.250 inch wide by 0.250 inch high rectangular channel 

c) a total of 19 parallel circular passages 0.078 inch diameter 
1.875 inches long 

d) a 0.078 inch by 1.00 inch slot 

e) a 'total of 36 parallel circular holes 0.032 inch diameter 

f) a 6.75 inch long annular channel, O.65O inch ID by O.75O inch 0D 

t 

g) a total of 4-5 parallel circular holes, 0.032 inch diameter 

h) a rectangular slot 0.032 inch by 0.500 inch 

i) a total of 45 parallel circular holes, 0.032 inch diameter 

j) a 6.75 inch long annular channel, 0.800 inch ID by 0.900 inch 0D 

k) flow through 4 0.250 inch diameter holes 

l) flow through 2 slots, 0.062 inch by 0.312 inch 

m) flow through a 0.250 inch diameter hole 

n) flow through a 0.250 inch diameter tube 31*0 inches in length 
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It was also assuming that during this process, the flow passed through a total 
of 10 ninetry degree elbows. 

The resulting pressure drop is illustrated in Figure 22. The coolant 
pressure at the probe tip is also included in Figure < 23 . 

A similar procedure was followed in determining the pressure drop 
experienced by the calorimetric probe cooling water at various flow rates. In 
this instance the coolant was assumed to flow through the following sequence 
of passages: 

a) a 0.250 inch diameter tube 31*0 inches in length 

b) two parallel rectangular passages O.318 inch by O.O63 inch 

c) a total of 16 parallel O.O63 inch diameter holes 

d) an annular space 0.546 inch OD by 0.400 inch ID 

e) an annular channel 0.460 inch 0D by 0.400 inch ID which has a length 
of 6.80 inches 

f) a 180 degree turn at the probe tip 

g) an annular channel 0.300 inch ID by 0.360 inch 0D which has a length 
of 7.50 inch 

h) flow through two 0.250 inch diameter holes 

i) flow through a rectangular channel 0.312 inch by 0.046 inch 

j) flow through a single 0.250 inch diameter hole 

k) flow through a 0.250 inch by 0.050 inch rectangular channel 

l) flow through a 0.250 inch diameter tube 31*0 inches in length 

The resulting pressure drop as a function of coolant flow rate is illustrated 
in Figure 24. Also included in Figure 24 is the coolant pressure at the probe 
tip. 


In a similar fashion, the pressure drop at various coolant flow rates which 
would be obtained in flow through the probe strut were calculated (Figure 25) • 

B. Heat Transfer 


In addition to these considerations, the local convective cooling heat 
transfer coefficients at critical locations within the probe were evaluated in 
order to establish the maximum survivability limits of the probe system. The 
local heat transfer coefficient is given byl ) 



to 


(83) 
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for Reynolds numbers In excess of 10,000. At lower Reynolds numbers, the heat 
transfer correlation^^) shown in Figure 26 was utilized. Regions of the probe 
which were of primary concern in this portion of the design included the 
forward edge of the internal probe, the forward edge of the external probe, and 
the leading edge of the strut. 


1. Internal Probe 


The cooling water channels at the forward portion of the internal probe 
flows through an annular channel having a width of 0;020 inch. The equivalent 
diameter (D e ) of an annular channel is given by 

p e = 4 A/p =• Uo-TX (84) 


where A is the cross sectional area of the channel and P is the wetted perimeter. 
Using the properties of water at an assumed temperature of 100 U F, the local con- 
vective heat transfer coefficient was found to vary with water flow rate in the 
manner shown in Figure 27. The internal wall temperature as a function of flow 
rate and heat transfer rate is given by 

d (Tu.— T jl) (85) 

and are illustrated in Figure 28 for heat transfer rates in the range of 100 to 
600 Btu/ft -sec. Also included in Figure 20 are the cooling water saturation 
temperature as a function of coolant flow rate and inlet water pressure which may 
be obtained from the computed cooling water pressure drop and the vapor pressure 
curve for water. It is obvious in those situations where the wall temperature 
as calculated from equation 85 exceeds the saturation temperature that boiling 
will occur. 


In these situations, the heat transfer rateC 1 ^) j_ s given by 

* t 0 9 

= % CCNIV^CTIOM -+- lao, UN6 


( 86 ) 


where the convection heat transfer is obtained in the manner described above and 
the heat transfer in the boiling process'-'-?) is 



Since all the fluid properties are a function of saturation pressure 

< 88 ) 

where K(P) is a function of saturation pressure as shown in Figured. Hence, 


d(T„-T«.) + <(p) (>-~r**y 


( 89 ) 


The total heat transfer rate due to both convection and boiling is illustrated 
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in Figure 30. The calculations show that at a heating rate of 1500 Btu/ft 2 -sec 
that cooling water having an inlet pressure of 300 psia flowing at a rate of 
1.5 gpg. is sufficient to maintain the internal wall temperature at a temperature 
of 480°F. The temperature drop across the 0.025 inch wall of the copper sampling 
tube is simply 

^ ( 90 ) 

or 51 degrees at 1500 Btu/ft^-sec making the temperature of the heated surface 
531°F. 

Since the energy absorbed by this coolant stream is used directly in the 
determination of gas enthalpy by means of an energy balance: 

^ 3 ^3 ~ ^ i*o ~ ( 9 1 ) 

it is readily apparent that the magnitude of the cooling water temperature rise 
must be such that the accuracy of the measurement does not suffer. The cooling 
water temperature rise was estimated by assuming that the gas leaving the probe 
was at an enthalpy of 2 66 Btu/lb (8 RT 0 ). The coolant water temperature rise is 
then 


*rr__ | ~D P \ (92) 

which results in the temperature rise curves shown in Figure 31 for nozzle 
diameters (Djj) of 5*0 a nd 25.0 inches and a probe sampling tube diameter of 
0.250 inch. Also included in Figures I are the minimum cooling water flow rates 
required to prevent boiling within the cooling channels as a function the stagna- 
tion point heating rate (Figured) since it is desirable to eliminate boiling 
whenever possible. Typical examples of the use of this figure are given below 
for the following free stream conditions: 


Condition 

3 

4 

1^, Btu/lb 

26000 

26000 

itf, lb/sec 

0.04 

0.04 

Dpj, in. 

5*0 

25.0 

q^r^, Btu/ft'^-sec 

390 

99 

m^ho, Btu/sec 

1040 

1040 


For condition 3, the minimum flow rate to prevent boiling at a 400 psia inlet 
pressure is O .69 gpm. At this flow and for a total free stream energy flux of 
1040 Btu/sec the coolant temperature rise is found to be 26°F. For condition 4 
however, the same procedure results in a coolant temperature rise of 1.4 F which 
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is clearly not sufficient to insure reasonable accuracy for the system. Reducing 
- the flow rate to a value which would produce a 10°F temperature rise implies a 

coolant flow of 0.044 gptn. Referring to Figure 30 , it is found that, at this flow 
* rate, boiling would occur and the wall temperature would be approximately 30°F 

above the saturation temperature. 

It is noted that the above discussion has considered the convective heat 
transfer coefficient to be equal to that which would be obtained in fully developed 
flow in smooth passages. In reality however the coolant flow is in the process of 
negotiating a 165 degree change in flow direction. By analogy with the pressure 
drop experienced by fluids flowing through such a bend^ 1 ®' it is expected that the 
local heat transfer coefficient would be increased by a factor of 60 over that 
obtained in smooth channels. At any particular heat flux it is expected that the 
difference between the yall and fluid temperatures would by less than those shown 
in Figure Z6 would be reduced by the same factor. If it is assumed that the heat 
transfer coefficient is increased by a factor of 10 over that i ll ustrated in 
Figure ZJ , boiling does not occur at any of the ARMSEF conditions listed in 
Table I even when the coolant flow is adjusted to produce a temperature rise of 
10° F. 

2. External Probe Tip 

Local heat transfer coefficients in the cooling channels behind the conical 
tip of the external probe were determined in a similar manner and are illustrated 
in Figure 33 . Included in this illustration are convective cooling coefficients 
at various other positions along the external probe cooling passages. The external 
probe tip convective cooling coefficients were used to calcuate the wall temperature 
on the surface of the cooling passage in the manner discussed above. By comparing 
these temperatures with the saturation temperature of the cooling water (Figure34*) 

V it was determined that it was possible to cool the external probe tip without 

boiling occurring at all the ARMSEF conditions listed in Table I. 

3. Strut 

The critical area of concern in the heat transfer analysis of the probe 
strut is the leading edge of this portion of the system. Local heat transfer 
coefficients were computed from the turbulent flow relationship 

— = 0.07.3 'Re'** 2 ’ (93) 

f aC r ( .At, ) 

and are illustrated in Figure 3S for various wall temperature with the coolant 
assumed to be at 100°F. Wall temperatures at various heating rates are shown 
in Figure 34> . A comparison of the wall temperatures and the saturation tempera- 
ture of the cooling water as a function of flow rate demonstrates that boiling 
will not occur if the local heating rate is below 1700 Btu/ft -sec. This . 
corresponds to a stagnation line heat transfer rate ($ g 4 r No D ) of 1+2 5 Btu/ft3/ 2 -sec. 
However since there is considerable lateral conduction within the external shell 
of the strut, the amount of coolant available would be sufficient to cool the 
strut at a considerably higher heat flux level. For example, if lateral conduc- 
tion could be considered to produce a uniform temperature on the rear surface 
strut leading edge, then coolant flow available is sufficient to coolt the device 

at an average leading edge heating rate of 1700 Btu/ft 2 - sec. JJhis average flux 

* level is equivalent to a stagnation point heating rate (q s of 475 Btu/ft 3/ 2-sec. 
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In actuality however, the real convective heat transfer limit will be somewhere 
be twe en the two values cited above (the average of these two values is 

585 Btu/ftV 2-sec) . Hence it is expected that the cooling water available 
will be sufficient to provide the necessary protection of the strut from its 
environment even at the most severe conditions produced by the AEMSEF with, at 
most, a minimum amount of boiling at the maximum heating condition. 

There is however a small region along the stagnation line of the strut where 
interaction of the probe bow shock with the shock on the strut leading edge results 
in augmentation of the local heat transfer rate by an approximate factor of two. 

This shock interaction region is confined to a region having a width of approximately 
.0.3 strut leading edge diameters (0.225 inch). As shown by Comfort (9) in his 
integral analysis of lateral heat conduction within the interaction region, the 
external surface temperature on the strut leading edge can easily be maintained 
at less than 800°F. 


STRESS ANALYSIS 

The stresses in critical areas of the probe were examined to insure that the 
various tubes, etc. used to fabricate the instrument have sufficient strength to 
withstand the maximum loading expected during operation of the device. The areas 
examined included the outer and inner shells of both the exterior and inner 
probes, and the outer shell of the water cooled strut. In regions where there 
is no heat transfer, the stresses in the structure are due to pressure loading 
alone, however in regions where there are temperature gradients thermal stresses 
must be considered, also. 

The outer shell of the exterior probe consists of a copper tube having inner 
and outer diameters of 1.000 inch and 0.900 inch, respectively. At a internal 
pressure of 600 psia, the stress in this portion of the probe caused by pressure 
loading is simply 


S p = £ / \ - 5700 psl (94) 

VPl/ 

Since there' is heat transferred through this wall, thermal stresses must be 
considered, also. The /grermal stresses on the outer and inner surface of a tube 
may be determined fro nr ' 


Sv - d T e tOL 
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(95) 
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(96) 


where the temperature difference across the wall is given by 
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aT= 


(97) 



Btar the case where the heat transfer occurs on the external surface of tube, the 
thermal stresses result in a compressive loading on the exterior and a tensile 
stress on the interior wall. At a heat transfer rate of 320 Btu/ft 2 -sec it was 
found that with the following properties of copper 


k = 220 Btu/ft-hr-°F 
CL T = 9-8 x 10' 6 (°F) -1 
E = 15.6 x 10^ psi 


m = 0.355 

The thermal stress on the inner tube wall was calculated to be 2900 psi (tension) 
and -2780 psi (compression) on the inner wall. Hence the combined stresses are 
8600 psi and 2920 psi on the inner and outer surfaces. The maximum stress is 
well below the yield point of deoxidized copper: 12000 to 1^00 psi. 

A similar procedure was .followed in determining the stresses in the external 
walls of the strut. Since pressure loading produces the maximum stress when the 
width of the strut is a maximum/ stresses were calculated for the sides of this 
member which are parallel to the flow field. At a pressure of 600 psia, the stress 
due to pressure loading for a strut width of O.75O inch and a wall thickness of 
0.0625 inch is 3300 psi (tension). The stress produced by a temperature gradient 
in the wall of the strut is given by 

— d-rE ( (98) 

(\ -yvO Qwtyv) \ -fe. / 

which results in a tensile stress of 3^00 psi at a heat flux of 170 Btu/ft^-sec. 
Hence the maximum stress on the strut wall is 67OO psi. 
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IV. SAMPLING SYSTEM DESIGN 


The measurement of the local gas enthalpy within the exhaust jet by energy 
balance techniques with an enthalpy probe requires accurate knowledge of the 
mass flow of the aspirated gas . If more information concerning the properties 
(density and velocity) of the flow field is required it is also necessary that 
the aspirated gas sample flow rate be identical to that in the free stream. To 
satisfy this condition, there is a maximum pressure drop which can be experienced 
by the gas sample and yet allow the probe to operate correctly. While operating 
in this manner, the probe has "swallowed the bow shock" and operates as a mass 
flux measuring device. If the pressure drop in the sampling system is allowed 
to exceed the maximum allowable value, the flow through the sampling train ad- 
justs to some value less than that in the free stream and there is a bow shock 
off the leading edge of the probe tip. The design of the sampling train there- 
fore is of critical concern if the instrument is desired to be capable of measur- 
ing local free stream mass flux in the AEMSEF. The primary concern in this 
portion of the probe design is in the pressure drop experienced by the flow in 
passing through the sample system. 

Probe and Strut Pressure Drop 

The pressure drop experienced by the aspirated gas sample in flowing through 
the 0.250 inch I.D. sampling lines contained within this portion of the system 
was determined with the following assumptions . It was assumed that the flow 
passes through a normal shock immediately after entering the gas sampling tube 
and that due to the low Reynolds number of the flow cooling of the gas to a low 
temperature (/\*1000°R) takes place within, a short distance of the probe tip. 

The change in pressure accompanying the cooling process was assumed to be 
negligibly small. With these assumptions, the pressure at the tip of the probe 
is equal to that immediately downstream of a normal shock and the Mach number 
of the flow is given by 


M = - / EH~, \ h 

A,pP V 3* ) 


( 99 ) 


where T.. is assumed to be 1000°H. The pressure drop resulting from flow down 
the sampling tube can be obtained from the compressible flow analysis of . 
Shapiro* ^l) m Shapiro shows that for any given initial Mach number there is a 
maximum length of tubing, defined as the length required to produce sonic flow 
at the downstream end, which is given by 





1 
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( 100 ) 


( 101 ) 
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and 


(102) 




Shapiro further demonstrates that the length of duct required for the flow to 
pass from a given initial Mach number, M x , to a final Mach number, M 2 is given 
by 


|L\ = 4f(k\ 

1 -4f(k\ 

VdJ 'D. 

Jtncw M, ' 


Wvax,M 2 


In addition, the change in pressure resulting in flowing from Mj_ 
(L/D)max is simply 


(103) 


to sonic flow at 


\ ) d<*) 

M.t 

where -p * being the pressure at (L/D)max (i.e., M = 1.0), The change in pressure 
accompanying the flow from the initial Mach number (Mp) to its final value (M 2 ) 
can in turn be obtained simply from 



Equations 



(i?» / -¥>*) 
O I V*) 


100 and 104 are illustrated in Figures 3>7 


and 36 , respectively . 


(105) 


A typical sample of the method employed in evaluating the pressure drop 
is as follows. The sampling line within the probe and strut is assumed to be 
kl inches in length and to contain two 90 degree bends which for a 0.250 inch 
diameter line results in a total equivalent length of 225 tube diameters. For 
a flow which has an initial Mach number of 2.3 x 10 -2 and a Reynolds number of 
15.3 


lfc/Ro 0 

(106) 


(107) 

and 


Uf l\ - \3s-o 

V 7)/ max 

(108) 

The Mach number of the flow at the end of this portion of the 
corresponds to that at which 

sampling line 

( 4 £ l\ = >350-^45 = 305 

\ D/ mew } 

(109) 
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Referring to Figure 97 , it is found that the Mach number of the flow has increased 
to k.8 x 10~ 2 . From the initial and final Mach numbers, it is found that the 
pressures at the inlet and outlet are given by 


VJPz- M*/Mi - 2. .08 (110) 

Initial and final conditions for other typical ARMSEF operating points are listed 
in Table 2. 


Pumping Requirements 

The size of the vacuum pump necessary to insure that the sampling system is 
capable of aspirating the required mass flow rates at the pressures expected can 
be determined by comparing pumping speed curves (volumetric flow rate as a 
function of inlet pressure) with the expected flow properties. A typical example 
is shown in Figure 39 , included in this illustration are expected pressures at 
various mass flow conditions at ARMSEF. The inlet pressure to the pump as ob- 
tained from the pumping curve must be lower than the line pressure in order to 
have a feasible system. Alternately for a mass flow rate of 2.5 x 10* ^ lb/sec 
at a calculated pressure of 186 mm Hg the inlet pressure to the pump is given by 
the interesection of the pumping curve, and the constant mass flow line shown in 
Figure 39 as 1^ mm Hg. Hence the particular pump illustrated would satisfy the 
pumping requirements of the probe system. 


A comparison of the pump inlet pressures required for aspirating flow rates 
typical of those expected in ARMSEF and the calculated pressures in the probe 
sampling lines (Figure^O) makes it possible to consider measurement of the 
aspirated flow with either orifice plates or Venturi flow meters . Orifice plates 
have the advantage that the output of the meter can be made a maximum value at 
any combination of flow rate and pressure; however, they do offer a high 
resistance to the flow. On the other hand Venturi flow meters provide the least 
resistance to the flow due to the low pressure drop. 


The maximum output signal which could be obtained with an orifice plate 
would result if the orifice diameter were made small enough to insure sonic flow 
through the flow meter. In this case, the flow rate is directly proportional 
to the pressure immediately upstream of the orifice and is given by 





which for air may be written simply as: 


'k 


an) 


w = O.S53 < 11: 

•Jr 

A direct comparison of the flow rate at various pressures and orifice diameter 
and the actual line conditions expected in ARM3EF is given in Figure 40. It 
is seen that it may be possible to use a 0.100 inch diameter orifice to measure 
all the flows expected at ARMSEF. 
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TABLE II 


SUMMARY OF CONDITIONS WITHIN SAMPLING LINES 


Condition 

1 

2 

3 

4 

5 

6 

Facility mass flow, lb/sec 

1.00 

1.00 

o.o 4 

0.04 

0.10 

0.10 

Gas enthalpy, h/RT^ 

118 

118 

766 

766 

766 

766 

Plenum pressure, atm 

7.83 

7.83 

2.64 

2.64 

1.65 

1.65 

Mach number 

3.2 

5.3 

3-0 

5.6 

3.2 

5.0 

Probe Variables 







mp, lb/sec 

2. 5x10" 3 

1.0x10*^ 

-4 

1.0x10 

4 . oxio " 6 

.4 

2.5x10 

1.0x10" 5 

“l 

0.105 

0.074 

0.039 

0.023 

0.048 

0.033 

Re ( 1000 °R) 

9000 

370 

370 

15.3 

900 

37 

f 

0.0082 

O.OU3 

0.043 

l.o 4 

0.017 

0.432 

4 f (L/D) 

8.3 

38.8 

38.8 

945 

15.3 

388 

m 2 

0.115 

0.091 

0.043 

0.048 

0.051 

0.053 

p^, atm 

1.18 

O.O67 

0.126 

0.0074 

0.260 

0.015 


1.08 

0.055 

0.114 

O.OO38 

0.244 

0.00935 

P 2 , ™i 

820 

420 

87 

2.90 

186 

7.10 

P , mm 

pump' 

270 

11.0 

11.0 

0.47 

26.5 

1.18 


45 

74 

400 

300 

250 

250 
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V. MASS FLOW CALIBRATION SYSTEM 


In essence the calibration system (Figure^) consists of two manifolded 
tanks of known volume each of which can be independently vented through a 
restrictive orifice plate to provide a mass flow through the flow meter being 
calibrated. The meter being investigated is positioned between the restrictive 
orifice and the system vacuum pump thereby allowing the meter to be calibrated 
at pressure levels comparable to those which will be encountered during opera- 
tion of the probe system in the AKffiEF exhaust stream. 

The basic procedure which is employed in calibration of the flow meters 
is as follows. With the exit valves of the two gas reservoirs closed, the two 
tanks are loaded to a specified pressure, P 0 , at which time they are isolated 
from the gas supply. Gas is then allowed to flow from one tank (the other re- 
maining isolated) for a measured time interval through the restrictive orifice 
and, in turn, through the flow meter being calibrated and to the vacuum pump. 
During this period the response of the meter is monitored and then it is once 
again isolated from the reservoirs. The total mass flow from the reservoir can 
then be calculated from variations in the pressure and temperature changes in 
the reservoir: 




v { Po _ 

rIto T, ] 


(U5) 


where subscripts 0 and 1 refer to conditions immediately before and after the 
experiment. In order to provide an accurate measurement of the final pressure 
(P]_) in the reservoir, it is , determined from the response of a differential 
pressure transducer between the two reservoirs, i.e., 


p, = Po - aP 

therefore 

avl-L-J U l 

R [ To pm ] 


(114) 
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Now if the temperature changes within the system are small, this may be written 
as 


&vr\ - 


PqV 

RT 



(Ufe) 


Furthermore, with a volume large enough to limit the pressure change to less 
than 5 percent, the mass flow rate through the meter is simply 


RES- lO, 600 ML. 



TO 


The volume of the reservoir required to satisfy the stipulation the pressure 
changes are to be less than 5 percent is easily established from the relationship 

Jfb-mMC. ft — 0.05 

which for a mass flow of 2.3 x 10" 3 ib/sec for a 10 second period at 250 psia 
initial loading pressure results in a minimum reservoir volume of 0.34 cubic 
feet. This volume corresponds to a length of 10 feet of 2.50 inch inside diameter 
pipe. To provide some means of obtaining a substantial pressure change at very 
low rates, the volume of the second reservoir was chosen to be 0.10 ftl Actual 
reservoir volumes obtained in fabricating the system were 0.1075 ft3 and 
0.374 ft 3. 

A series of calibration experiments were performed to determine the loading 
pressures required to obtain mass flow rates with the restrictive orifice plates 
that would be in the range expected in the AHMSEF. These orifice plates were 
calibrated by allowing gas (air) to flow from the larger volume to the smaller 
for a measured time period. The mass flow rate through these restrictive orifices 
was computed from equation tl7 using both the pressure rise in the smaller volume 
and the pressure drop obtained in the larger tank. The resulting calibration 
curves are shown in Figure4£,, as expected each orifice (in the range of pressures 
employed) acts as a sonic orifice with the mass flow being directly proportional 
to the pressure on the upstream side of the orifice. These orifice plates there- 
fore provide a means of obtaining mass flow rates of the magnitude desired for 
the AEMSEF facility and hence can be used to calibrate the flow meters which are 
to be used during the actual probe experiments conducted in the facility 
exhaust jet. It is evident from the data presented in Figure 4X that the actual 
orifice diameters are considerably different from the nominal diameters, for 
example comparing the data for 0.004 inch and 0.020 inch orifices the ratio of 
the two mass flows is found to be 0.060. This is fifty percent greater than 
what would be expected from the ratio of the square of the nominal diameters 
(0.040). 

Three orifices ranging in size from 0.0995 inch to 0.l4o inch in 
diameter were calibrated in the manner discussed above with air in the system. 

The results of these calibration tests are illustrated in Figure 43 while 
similar data obtained with argon and a 0.120 inch diameter orifice plate are 
shown in Figure44 . The mass flow through the orifice plates were found to 
be linear in the pressure on the upstream side of the flow meter at pressures 
as low as 2 mm Hg. The range of calibration employed in these tests was from 
10“ 5 lb/sec to 10-3 lb/sec with air and from 3 x 10“ 5 to 10“ 3 for argon. A 
comparison of argon and air data with the same orifice plate show that the data 
are in good agreement with the ratio of the two flow rates as predicted from 
sonic flow. For example,, sonic flow indicates that at the same pressure the mass 
flow of argon should be 25 percent greater than the air flow rate; comparing 
the data in Figures 43 and 44 at 23*5 Torr the air flow is 1.0 x 10"^ while for 
argon it is 1.25 x 10 _i+ lb/sec. 
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VI. PROBE EVALUATION 


Evaluation of the probe system IB highly heated gas streams was conducted 
in two phases. The first portion of the evaluation was performed in the Avco 
ROVERS^***' arc facility exhaust jet and was primarily designed to determine if 
the various portions of the probe system perforated their desired functions. The 
second portion of the evaluation was conducted in th© NASA/MSC ARMSEF facility 
to demonstrate the capability of the probe system. 

ROVERS Arc Experiments 

A number of experiments were conducted with the probe system in the super- 
sonic exhaust jet produced by the Avco ROVERS arc facility (Figure 46) to pro- 
vide a means of evaluating the probe design. The ROVERS facility consists of a 
constricted arc plasma generator which exhausts through a supersonic conical 
nozzle into a 6 feet diameter vacuum chamber. The are heater employs a water- 
cooled tungsten cathode and a water cooled copper anode. High enthalpy air is 
produced by passing nitrogen through the arc discharge and mixing oxygen to the 
plasma in a plenum chamber prior to expanding the flow through the conical 
exit nozzle. Measurement of the total power input to the heater (i.e., current 
and voltage ) as well as the energy absorbed in the arc cooling water allows the 
enthalpy of the plasma stream to be computed from an energy balance. 

The conical exit nozzle has an area ratio of 9«0 and an exit diameter of 
3.00 inches. For a specific heat ratio of 1.20 the area ratio corresponds to 
an exit Mach number of 3.20. The static pressure in the nozzle exit plane for 
this Mach number is 1.46 percent of the stagnation pressure of the flow 
measured in the arc heater plenum. However since the exit nozzle is conical in 
shape, the flow continues to diverge downstream of the nozzle even when the 
static pressure in the vacuum chamber is slightly in excess of the static 
pressure in the nozzle exit plane. 

The enthalpy probe assembly was mounted in the ROVERS vacuum tank with 
the axis of the probe sampling tube coincident with the axis of the facility 
exhaust jet. The long length of the strut and associated mounting hardware 
made it necessary to place the base of the strut in the recessed viewing ports 
located on walls of the vacuum chamber. Hence axial and lateral movement of 
the probe within the exhaust jet was severely limited. The only positions 
which could be achieved were on the flow field axis at distances of 12.250 and 
6.125 inches from the nozzle exit plane. A photograph of the probe during a 
typical experiment can be found in Figure^. 

A series of enthalpy probe measurements were performed at an axial dis- 
tance of 12.250 inches from the nozzle exit plane. Arc heater parameters 
in these tests are listed in TableJIE. The enthalpy measurements made with the 
probe were considerably less than those calculated from the energy balance. 

The average being approximately 42 percent of the energy balance value. In 
one series of experiments (ROVERS Run No. 434-1) the coolant water flow to the 
inner calorimetric probe was varied from 0.21 gpm to 1.74 gpm while maintaining 
the outer probe cooling water flow rate at a constant value of 0.44 gpm. The 
variation in enthalpy measured in these tests was from 38 OO Btu/lb to a maximum 
of 4150 Btu/lb with the mean value being 39^5 Btu/lb. This amounts to a spread 
of *4.5 percent about the mean value. 
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FIGURE 45 SECTIONAL VIEW OF ROVERS FACILITY 
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FIGURE 46 ENTHALPY PROBE IN ROVERS EXHAUST JET (Photo #29447D) 





As is demonstrated by the results listed in Tableau, there is no consistent 
variation in the measured enthalpy with changes in the coolant flow rate. If 
there were energy transfer from the inner to the outer probe coolant streams, 
there would be a change in the heat exchange between the streams as the flow 
varied and hence a variation in gas enthalpy would be observed. Since essentially 
no variation in enthalpy was noticed even when the inner coolant flow was changed 
by a factor of 8 (Figure 4?) it was concluded that there was no energy transfer 
between the two coolant streams . 

This observation was substantiated by placing a Nichrom heating element 
within the probe sampling tube. When 40 watts of power was dissipated in the 
heater the energy absorbed by the inner probe cooling was measured to be 38 
watts. This small discrepancy can be attributed to losses from the bare leads 
of the heater and the small portion of the heating element which was allowed to 
remain outside of the sampling tube. 

A second series of experiments were performed with the probe tip located 
at an axial distance of 6.125 inches from the nozzle exit plane. The results 
of these tests are included in Table HI. Each experiment conducted in this por- 
tion of the evaluation program was identical to experiements performed at 
12.250 inches. In each case, higher values of enthalpy were measured closer to 
the nozzle exit plane. For example, in Run Wo. 4 3^-1 and ^35-5 enthalpies of 
3985 Btu/lb and 6600 Btu/lb were measured at 12 and 6 inches, respectively, 
thereby further demonstrating that the discrepancy between measured and calculated 
enthalpies is due to jet mixing. 

The difference between the enthalpy calculated from the facility energy 
balance and the measured value was therefore assumed to be caused by mixing 
of the exhaust jet with the external recirculatory flow within the vacuum 
chamber. This mixing process is considerably more rapid than that which occurs 
in a free jet since use of the relationships and experimental data of Warren 
quantities would have values identical to those in the nozzle exit plane. The 
reasons for the enhanced jet decay may be seen by considering the flow patterns 
in the two cases which are illustrated schematically in Figure 48. In the free 
jet case, the jet entrains fluid from the environment and the total mass flow 
within the jet increases with distance from the nozzle exit plane. Furthermore 
it is noted 'that the entrained fluid has an axial momentum which is identically 
zero. As is the case with all free shear layer mixing processes the total 
momentum and energy passing through any plane normal to the jet axis is conserved. 
However with a jet that issues into a chamber which is maintained at steady 
state conditions of pressure and temperature there are important differences 
which alters the rate of mixing. As with the free jet the conservation laws 
still apply and the total mass flow in the jet increases with distance down- 
stream. Since the vacuum chamber is maintained at steady state, only that 
portion of the jet mass flow which entered the vacuum tank through the arc 
heater nozzle leaves the system at the far end of the chamber. The remainder 
of the flow recirculates along the outer wall of the tank to be re- entrained by 
the jet in the vicinity of the nozzle exit plane. Hence, when in the vacuum 
chamber, the jet leaving the nozzle mixes with an opposing external flow field. 
Furthermore, the recirculating external flow, when it reaches the forward end 
of the vacuum chamber is directed radially inward towards the exhaust jet and 
hence increases the amount of fluid entrained in the initial portion of the jet 
and increases the rate of jet decay. 
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In each run where more than three measurements of enthalpy were made each 
data point was compared to the mean value for each run. The results are included 
in Figure ^Sas a function of cooling water flow rate. The average deviation 
of the data from the mean value in any experiment was found to be 2.6 percent 
further demonstrating the adequacy of the insulation between the inner and outer 
probe cooling systems. 

ARMSEF Experiments 

A similar series of tests were conducted in the NASA/MSC ARMSEF facility. 

The probe was located with its tip located at a distance of ^.25 inches down- 
stream of the nozzle exit plane. During these experiments the probe was capable 
of being moved radially across the flow field so as to provide information con- 
cerning property variations within the free stream. 

Facility operating conditions in the experiments are listed in Table IV. 
Notice that the enthalpy of the gas stream produced by the facility is obtained 
by three methods : 

a) by an energy balance (h g ^ ) using power input to the facility, 
energy absorbed by the * # cooling water and the gas flow 
through the arc heater' 

b) by use of the sonic flow relationship (h ) which relates 
plenum pressure, throat area, gas mass flow’rate, and gas 
enthalpy 

c) by use of the relationships for stagnation point heating rates 
(hp ^ ) to calculate enthalpy from measured stagnation point 
heatiftg rates and impact pressure . 

Data were gathered with the enthalpy probe at each of the ARMSEF operating 
conditions . The gas flow measuring system employed in these tests was that 
described in the previous sections of this report with an orifice diameter of 
0.120 inch. The enthalpy computed from the quantities measured with the probe 
are included in Table IV for comparison with enthalpy determined with the various 
techniques described above. 

The gas enthalpy measured with the probe system was for the most part 
considerably greater than that determined by either the energy balance or sonic 
flow techniques. Since each of these methods provide some average value of the 
flow field properties, this comparison is as expected. When the enthalpy 
calculated from measured heating rates is compared with the value obtained with 
the probe, it is found that with the larger nozzle (larger free stream Mach 
number) the former value is considerably greater than the probe enthalpy. 

However, with the smaller nozzle^ values measured with the probe are in good 
agreement with the enthalpy deduced from heat transfer rates. The reason for 
this variation is not understood at the present time. 

The data gathered with the probe in Runs 337 and 338 clearly indicate 
the enthalpy variation across the nozzle exit plane are small. If the data 
gathered in Run number 339 is disregarded it is found that all data obtained at 
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the same radial position with comparable arc parameters agree to within 
6 percent with no apparent variation in calculated gas enthalpy with variations 
in inner probe coolant flow rate. The data obtained in Run 339 appears to be 
anamolous and is in poor agreement with results obtained in the previous two 
experiments. The cause of this discrepancy is unknown, since all probe data 
with the exception of the coolant temperature rise is in good agreement with 
previous results . 
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APPENDIX I 

OPERATION OF THE ENTHALPY PROBE 

The enthalpy probe is a simple, calorimetric device which allows one to 
measure the enthalpy of a gas sample drawn through an aspirating tube located on 
the axis of the instrument. As the sample travels down the aspirating tube energy 
is transferred to the tube walls and in turn to the cooling water flowing along 
the outer surface of the tube wall. Upon its exit from the sampling tube, the 
gas stream is at a temperature Tg and hence has some 'residual energy. From a 
simple energy balance it is obvious that 

u') +• lv*C^( *3— \o) (a-1) 

where Tq and T^ are the inlet and outlet coolant temperatures, T is the base 
.temperature for computation of the gas enthalpy, and m and ^°are the gas 

sampling rate and coolant flow rates, respectively. T§e gas n 2 sampling rate 
is measured by means of sonic orifice plates located in the vacuum line located 
between the probe and a vacuum pump and the coolant flow rate is measured by any 
of the commercially available flow meters. Inlet and outlet cooling water tempera- 
ture and the gas temperature at the end of the sampling tube are obtained from 
the output of chromel-alumel thermocouples supplied with the probe system. 

The probe system itself consists of an external probe, an internal 
calorimetric probe and a probe strut each of which is provided with a separate 
cooling system. The primary function of the external probe which completely 
surrounds, and is insulated from the innqr calorimetric probe is to protect the 
inner probe from the external environment. The water cooled probe strut is of 
sufficient length to allow the probe sampling tube to be located with its axis on 
the axis of the flow field produced by the ARMSEF facility. 

The amount of cooling water required to protect the probe system at various 
heating levels can be found from the analyses presented in the main body of this 
report. The minimum cooling requirements for the probe stru t may be found in 
Figure A-1 as a function of environmental conditions (q^ R^) and inlet coolant 
pressure to the base of the strut. 

Minimum coolant requirements to protect the external probe from the 
environment are illustrated in Figure A-2 as a function of external heating 
while similar curves for the internal calorimetric probe are presented in 
Figure A-3* As discussed in those portions of this report dealing with the 
design of the probe system the minimum cooling flow rates are determined from 
the desire to prevent boiling within the system at particular heating rate. It 
is noted however that in the design the heat transfer correlations employed 
were those applicable to fully developed flow within channels . The critical 
heating area in the calorimetric probe is near the probe tip in a region where 
the coolant flow is in the process of negotiating a 165 degree change in 
direction. Hence the use of the heat transfer relationships employed in the 
analysis is open to question. In this situation the actual heat transfer 
coefficient would be considerably higher than those employed in establishing 
the minimum coolant flow rates . Hence it is expected that the information 
presented in Figure A-3 is conservative and that boiling can be prevented even 
at flow rate less than those shown in this illustration. 
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In addition to these data, the inner calorimetric probe coolant tempera- 
ture rise which would be expected at various facility operating conditions is 
shown in Figure A-4. These results are based on the assumption that the stream 
leaving the nozzle of the AJRMSEF facility is of uniform properties and that the 
probe acts as a mass flux measuring instrument. 

Installation of the probe in the facility consists of providing coolant 
inlet and outlet lines (with flowmeters) for the probe strut, the external 
probe, and the inner calorimeter probe. In addition," a vacuum line is provided 
between the gas sampling line and the vacuum pump which is located within the 
mass flow calibration system console. The vacuum line between the base of the 
probe should have as small a length- to-diameter ratio as possible in order to 
minimize frictional losses within the sampling train. A vacuum solenoid valve 
is included in the line to provide a means of sampling gas at will and when this 
valve is closed the impact pressure in the free stream can be measured by 
locating a pressure transducer between the valve and the probe tip. In addition 
a flow meter to measure the mass flow rate of the aspirated gas stream is placed 
in the vacuum line between the valve and the vacuum pump. A schematic diagram 
of the probe system is presented in Figure A- 5. 

The procedure followed in making a measur em e n t of enthalpy in a flow field 
is discussed below. Following insertion of the probe into the stream with the 
sampling valve closed, the temperatures in the inner probe cooling water stream 
are observed until they come to steady state. At this time, the gas sampling 
valve is opened drawing gas through the probe until the calorimetric probe 
coolant temperatures reach steady state once again. During this period the 
output of the instrumentation associated with the flow meters for measuring 
sampling rate and coolant flow rate as well as the temperature of the gas leaving 
the inner calorimetric probe are monitored also. At this time the valve in the 
sampling line is closed ans the probe can then be moved to the next position where 
a measurement is desired. 

The enthalpy of the gas sample drawn through the probe can then be 
calculated from an energy balance on the calorimetric probe: 

LlxZ-lA A CpaC^-To) (A-2) 

and the mass flux in the external flow field is obtained by dividing the gas 
sampling rate by the cross-sectional area of 0.250 inch diameter sampling tube: 

(A-3) 

tt 'Dp 
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SCHEMATIC OF PROBE INSTALLATION 




APPENDIX II 


OPERATION OF THE MASS FLOW CALIBRATING SYSTEM 


The mass flow calibrating system consists of two manifoleded reservoirs 
having volumes of 0.374 ft* 5 and 0.1075 ft 3 which are connected by appropriate 
valves and a restrictive orifice to the inlet of a 5.6 CFM vacuum pump. A flow 
meter being calibrated is positioned in the line between the restrictive orifice 
and the vacuum pump. The system is such that gas flows ranging from 4 x 10~^ to 
4 x 10“ 3 lb air per second may be obtained by proper choice of initial pressure 
in the reservoirs and the diameter of the restrictive orifice plates. The 
restrictive orifices range in size from 0.004 inch to 0.020 inch. In the flow 
rate range of interest, the static line pressures in the system between the 

restrictive orifice and the vacuum pump are in the range expected during operation 

of the enthalpy probe in the ARMSEF facility. Hence the calibration system pro- 
vides a means of calibrating flow meters at the pressures and flow rates expected 
during operation in the facility. 

The procedure followed in various operations performed during calibration 
of a flow meter are described below. 

a) Filling: With valves 3> 4, 5, 6, 7 and 8 opened and valves 1, 

2 and 9 closed gas is introduced into the system through the 
fill line located in the console containing the system 

(see Figure A-6 for valve designation). 

b) Venting of the gas inlet line: With valves 3? 4, 5> and 6 

opened and valves 1, 2, 7, and 8 closed, the regulator valve 

on the gas supply is closed and the vent valve (Valve No. 9) 

is opened . 

c) Isolating a reservoir as a constant pressure volume; To employ 
reservoir no. 1 as a constant pressure volume valves 1 , 2, 5> 

7 and 8 are maintained in the closed position and valves 3, 4, 
and 6 are kept open. If the other reservoir was selected as 
the standard volume the position of the valves would be 
identical except that valve 6 would be closed and valve 5 would 
be open 

d) Equilizing the pressure in the two volumes: With valves 1, 2, 

7 and 8 in the closed position, the pressure can be equalized 
by opening valves 3j 4, 5> and 6. 

e) Gas flow from reservoir $2 with reservoir #1 maintained as 

a constant pressure volume: Valves 1, 2, 5> 7 and 8 maintained 

in the closed position and valves 3, 4, and 6 open, valve 1 
is then opened to allow gas from reservoir 1 to flow through 
the restrictive orifice through the flow meter being calibrated 
and then to the vacuum pump. 
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FIGURE A- 6 SCHEMATIC DIAGRAM OF MASS FLOW CALIBRATION SYSTEM 




f) Venting of entire system: With valves 1, 2, 7 and 8 initially 
closed and valves 3, k, 5, 6 and 9 initially open, valves 7 and 
8 are then opened. 

These operations are summarized in Table As-X 

During the calibration of a flow meter the following sequence of operations 
is followed: 

1. Proper pressure transducers and restrictive orifice are selected based 
on the data presented in Figure A-7. 

2. Pressure transducers and orifice plates are installed in the system. 

3. The system is filled with gas to the correct pressure level. 

k. The gas inlet line is vented. 

5. One reservoir (usually the smaller of the two) is isolated from the 
remainder of the system. 

6. Gas is allowed to flow from the larger reservoir for a measured time 
period. This flow passes through the restrictive orifice, the flow 
meter being calibrated, and then through the vacuum pump. During 
this period the output of the flow meter pressure transducers are 
recorded ♦ 

7. The valve between the larger reservoir and the restrictive orifice 
is then closed. It will be observed that immediately after closing 
this valve that the temperature in the tank begins to rise as the 
gas absorbs energy from the environment. At the end of this time 
period it will be noted that the pressure difference between the 
two reservoirs also comes to a steady state value at which time the 
pressure in the reference volume and the pressure difference between 
the two reservoirs is recorded. The total mass flow from the large 
reservoir during the period the valve was open is then 

fikWi— y &p (a-4) 

R'T 

and the average mass flow rate is 

- y. /&p\ (a-5) 

RTVAt j 

which can be correlated with the output of the meter being calibrated. 

8. The two reservoirs are allowed to come to the same pressure. 

9. The entire system can then be vented (if desired) to some lower 
pressure . 
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TABLE A*>I 

SUMMARY OF CALIBRATION SYSTEM OPERATIONS 
INITIAL VALVE POSITION 


OPERATION 


PPM 


CLOSED 



EXECUTION 

1. 

Fill reservoirs 

3, 

5, 

6 , 

7, 8 

h 

2, 

9 




2. 

Vent inlet line 

3, 

K 5, 

6 


1, 

2, 

7, 

8, 

9 

OPEN 9 

3- 

Isolate small reservoir 

3, 

K 5, 

6, 

9 

1, 

2, 

7, 

8 


CLOSE 5 

k. 

Isolate large reservoir 

3, 

^ 5, 

6 , 

9 

1, 

2, 

7, 

8 


CLOSE 6 

5. 

Flov from small reservoir 

3, 

4, 6, 

9 


1, 

2, 

5, 

7, 

8 

OPEN 2 

6. 

Flov from large reservoir 

3, 

^ 5, 

9 


1, 

2, 

6, 

7, 

8 

OPEN 1 

7. 

Equalization of reservoir 
pressures 

3, 

‘S 9 



1, 

2, 

5, 


00 

•N 

c— 

OPEN 5, 6 

8. 

Vent entire system 

3, 

^ 5, 

6, 

9 

1, 

2, 

7 , 

8 


OPEN 7, 8 

9. 

Evacuate reservoirs 

3, 

^ 5, 

6, 

9 

1, 

2, 

7, 

8 


OPEN 1, 2 
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10. Steps 5 through 9 are then repeated to obtain the next calibration 
point . 


Selection of the restrictive orifice plates and the operating pressure of 
the system reservoirs is made from the data presented in Figure A-7 at the 
desired gas flow rate. For gases other than air it is obvious that the data 
presented can be easily modified by use of the sonic flow relationships for 
choked orifices: 



(A -6) 


The length of time that gas may be allowed to flow from the large reservoir to 
obtain pressure drops of 1.0, 2.5, and 5*0 psia are illustrated in Figure A-8. 
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